This study contributes to the understanding of the effects of confining surface properties on the interactions within thin liquid films of colloidal nanoparticles. Colloidal probe atomic force microscopy was used for studying the interaction of colloidal nanoparticles between the solid-liquid and air-liquid interfaces. The influence of the surfactant on the surface deformability and on the structuring of the nanoparticles was determined. Therefore, surfactants of different charges, i.e. sodium dodecyl sulfate (SDS), hexadecyltrimethylammonium bromide (C 16 TAB) and b-dodecylmaltoside (b-C 12 G 2 ) were chosen. The oscillatory force caused by the layering formation of the nanoparticles was detected between the AFM microsphere probe and the bubble, and the oscillatory wavelength that reflected the interlayer distance of the nanoparticles was found to scale with colloidal nanoparticle concentration as c
Introduction
Large numbers of chemicals and consumer products such as polymeric latexes, paints, inks, coatings, cosmetics and lotions, foams, gels or emulsions depend on the colloid suspension quality and structuring of colloidal suspensions. It is also apparent that the control of industrial processes like sedimentation, flocculation and coagulation for the manufacture of advanced self-assembled materials can be greatly improved by understanding of the factors that affect the quality and stability of colloidal suspensions. The structuring and stability of colloidal suspensions depend highly on the interaction forces between the colloidal nanoparticles and the confining surfaces.
The classic Derjaguin-Landau-Verwey and Overbeek (DLVO) theory balances the repulsive electrostatic double layer and the attractive van der Waals forces between colloidal nanoparticles. This theory has been found to be useful in enabling scientists and engineers to develop industrial products and processes that employ colloidal suspensions. However, in recent years, due to the advent of new instruments, such as atomic force microscopes, 1-3 surface force apparatus, 4,5 thin film pressure balances [6] [7] [8] [9] and total internal reflection microscopes, 10, 11 for measuring interaction forces in colloidal suspensions, a non-DLVO force, known as the oscillatory structural force, arising due to the entropic excluded volume effect, has been characterized. 4 Oscillatory force becomes apparent when colloidal nanoparticles are confined in the gap between two smooth macroscopic surfaces. When the separation distance between two macroscopic surfaces is on the order of several colloidal nanoparticle diameters, the colloidal nanoparticles interact with the macroscopic surfaces and tend to form parallel layers. This longrange ordering induces a repulsive structural barrier which helps to prevent the macroscopic particles from flocculating or coalescing. When the separation distance between macroscopic surfaces is smaller than the diameter of the colloidal nanoparticles, no nanoparticles can fit in the gap between macroscopic surfaces and a net attractive force, known as a depletion force, is expected due to the osmotic pressure difference between film and reservoir (meniscus). In general, the interaction induced by the nanoparticles between two macroscopic surfaces is found to be oscillatory in length dimensions. The wavelength of oscillation is equal to the spacing of the ordered layers of colloidal nanoparticles and the amplitude of oscillation is the strength of the ordering. Thus we can understand the structuring of nanoparticles by studying the oscillatory force.
Many studies have reported the stability and layered structuring of colloidal nanoparticles confined between two solid macroscopic surfaces by atomic force microscopy. [12] [13] [14] In general, AFM measurements of colloidal particles trapped between a silica microsphere and a flat silica wafer show that the oscillatory force becomes more pronounced with increasing particle size, increasing particle concentration and increasing confining surface charge while the oscillatory wavelength decreases solely with increasing particle concentration. The comparisons between the structuring of silica nanoparticles in thin films and in the volume phase has been studied as well.
15,16
The colloidal nanoparticles confined between two silica surfaces form ordered layers and the oscillatory wavelengths scale with particle concentration as an exponent of À1/3 and give the same values as the mean particle distance in the volume phase. In addition, Monte Carlo simulations with a Grand Canonical Potential show that the interaction between charged nanoparticles in confined geometries can be described by a DLVO potential and give results consistent with experimental ones.
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However, there are only a few pieces of work that report the interaction between colloid particles such as micelles or latex particles [6] [7] [8] [9] confined between deformable surfaces like in a foam lamella. Typically, a thin film pressure balance (TFPB) is used. The existence of oscillatory forces is detected by a sequence of steps in film thickness. The step size between two adjacent repulsive branches, which is connected to the layering distance or the oscillatory wavelength, is found to be comparable to the effective particle diameter, including the Debye length, at relatively high particle concentrations. This is different from the AFM results obtained between two solid surfaces. Thus the effect of surface deformability on the layering phenomenon needs to be taken into account.
In this study, a direct force measurement of silica nanopaticles between a silica microsphere and a bubble was performed by using colloidal probe atomic force microscopy. The surface deformability was tuned by varying the type and amount of surfactants and the effect of surface deformability on the structuring of colloidal nanoparticles was investigated.
Experimental

Preparation of colloidal nanoparticle suspensions
Ludox grade TMA colloidal silica nanoparticle suspensions (TMA 34 wt%, deionized, Aldrich, Germany) were used in AFM force measurements. The original stock of colloidal suspensions was dialyzed with Milli-Q water (Millipore, Billerica, MA, USA) for two weeks. The dialysis tubes (Aldrich, Germany) with MWCO of 1000 were used to remove any remaining ions and ionic contaminants. After dialysis, particle suspensions of varying concentrations were prepared with Milli-Q water as the solvent. The weight percentage of the solutions were determined by weighing the sample before and after drying (24 h at 400 C). The particle size was determined by scanning electron microscopy (SEM, S-4000, Hitachi, Japan) at a primary electron energy of 20 keV and atomic force microscopy with tapping mode with a multimode nanoscope (Digital Instruments, CA). The average particle diameter was 25 AE 2 nm compared to the manufacturerquoted value of 22 nm. 20 The z-potential was determined by electrokinetic measurements (Zeta Sizer, Malvern) at the same conditions employed in the AFM experiments. The measured z-potential at PH z 7 without adding extra salts was À60 AE 5 mV.
Preparation of surfactants
b-Dodecylmaltoside (b-C 12 G 2 ) (Glycon), sodium dodecyl sulfate (SDS) (Sigma-Aldrich, purity >99.9%) and hexadecyltrimethylammonium bromide (C 16 TAB) (Sigma-Aldrich, purity >99%) were used as received. The critical micelle concentrations are 0.17 mM, 8 mM, and 1 mM for b-C 12 G 2 , SDS, and C 16 TAB, respectively. All surfactant solutions were prepared with Milli-Q water. The surfactant concentrations were always well below the cmc.
Preparation of AFM silica sphere surface
A silica sphere (Bangslabs, USA) with radius of R ¼ 3.35 mm was glued with epoxy glue (UHU Endfest Plus 300) at the end of a tipless rectangular cantilever (CSC12, MikroMasch, Estonia) using a three-dimensional microtranslation stage according to the previously reported procedure.
1 Immediately before each experiment the silica sphere with cantilever was cleaned by exposure to a plasma cleaner for 20 min to remove all the organic contaminants and to create a high density of hydrophilic silanol groups (Si-OH) on the surface.
Preparation and attachment of air bubble on hydrophobic surface
A Teflon slide was cleaned in concentrated nitric acid for several minutes, followed by thorough rinsing with Milli-Q water. Air bubbles were spontaneously transferred from an eppendorf pipette onto the bottom of a Teflon slide which was immersed in Ludox nanoparticle suspensions. The bubble diameter was typically 800 mm as determined by top view microscope connected to an AFM. Gas bubbles are thermodynamically unstable and tend to dissolve in water due to the Laplace pressure.
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However air bubbles are much more stable in colloidal nanoparticle suspensions, probably because the particles act as emulsifiers of air and water and prevent coalescence of bubbles. 
Force measurements
The cantilever was placed into a cantilever holder and the particle was positioned roughly a few mm above the bubble. Fig. 1 shows the schematic of AFM setup with top view image of cantilever placing on the top of the bubble. Deflection-vs-Zsensor curves were measured with a commercial atomic force microscope MFP produced by Asylum Research, Inc. and distributed by Atomic Force (Mannheim, Germany). With this instrument the position of the cantilever was controlled and determined by a z-axis position sensor equipped with the piezoelectric translator and the cantilever deflection was determined from the motion of the laserbeam reflected from the back of the microfabricated silicon cantilever. The spring constant of each cantilever was individually determined by thermal noise power spectra before or after the experiment, 23 which yielded values in the range 0.01-0.045 N m
À1
.
The scanning frequencies were varied from 0.5 to 1 Hz over a scan size of 300-400 nm, which corresponded to approach velocities in the range of 150-400 nm s
. Chan and Engel showed that hydrodynamic drainage forces were negligible at these approach speeds. 24, 25 For each sample solution, 30-40 forcedistance curves in total were recorded at the same lateral position (usually at the centre) with respect to the air-water interfaces.
Analysis
Firstly, it is necessary to calibrate the deflection inverse optical lever sensitivity (InvOLS), which is the sensitivity of the detector-cantilever combination. Most previous experiments have involved solid substrates that are much stiffer than the cantilevers. The deflection InvOLS can thus be simply calibrated by finding the slope of deflection vs. Zsensor once the surfaces are in contact. In the present case the cantilever and bubble can have similar stiffnesses so that the calibration must be done separately, before or after the force measurements, by pressing the particle against a rigid surface. The conversion from the raw data into force-vs-distance plots was performed as in the protocol of Ducker et al. 2 The AFM photodiode voltage was converted to cantilever deflection using the detector sensitivity determined before the experiment and then converted to force via
where k c is the spring constant of the cantilever and z c is the deflection of the cantilever. The conversion from Zsensor position to actual particlebubble separation is more complicated. The nominal separation is defined as
where Dz p is the Zsensor position. This definition does not consider deformation, so for rigid surfaces the nominal separation coincides with the actual separation. For deformable surfaces, the actual separation is the nominal separation minus the deformation
An attractive force between AFM probe and substrate causes an extension and a positive deformation while a repulsive force causes a negative deformation. During the measurements an absolute measure of the shape change of the bubble surface is not known, only the changes in DX are measured. This problem cannot be resolved without measurement of actual particlebubble separation using an independent method, e.g. interferometry. Thus it is difficult to plot F vs. S. Instead F vs DX is presented in this paper.
The 'contact point' (zero DX) was taken to be the point at which the linear compliance line reached zero force, followed by the previous protocols on deformable surfaces. 26, 27 Before contact, DX represents the separation plus the relatively small deformation of the bubble which depends on the surface force between the probe and the bubble. After contact, DX represents only the deformation of the bubble because the separation between the probe and the bubble surface is considered to be zero. In the constant compliance region, the cantilever and the bubble are assumed as two springs in a series where the measured stiffness k m is given by
The bubble stiffness is given by
where C hard is the cantilever optical lever sensitivity against a hard surface and C bubble is the cantilever optical lever sensitivity against the bubble. The bubble stiffness can be also calculated by
since for two springs in series,
Attard described a theoretical way to express the stiffness of bubble or droplet with
which showed that the bubble stiffness linearly depended on the surface tension g, and logarithmically depended on the decay length of the interaction k
À1
, the radius of the bubble R b , the radius of the probe R and the contact angle q.
28,29
To quantitatively study the structuring of nanoparticles, the oscillatory forces were fitted with
The three important parameters characterizing the oscillations are the amplitude A, the wavelength l, and the decay length x.
16,30
Force per cantilever radius F ðxÞ R is the measure of interaction energy per area. Because the silica microsphere is 6.7 mm in diameter and bubble is 800 mm in diameter, by the Derjaguin approximation both surfaces can be considered as flat surfaces because of the comparatively small force distance (<300 nm). All experimental force curves were fitted with eqn (9) . Beside the three mentioned parameters a phase shift (q) and a force offset (offset) also had to be fitted.
Results
Force profiles in the absence of additives
The result of a force experiment between a hydrophilic silica microsphere and a bubble in Milli-Q water without extra electrolytes is shown in Fig. 2 . There, the force is plotted versus relative separation DX (change in separation and deformation of the bubble as aforementioned). At DX larger than 400 nm, no force was detected and the DX was considered as the pure separation between the silica probe and the initial bubble surface because soft particles behave as rigid ones when there is no surface force at a large distance. 31 A monotonic repulsion began to appear when the probe further approached the bubble. This repulsion is at least partially caused by the electrostatic double layer force because the silica probe is negatively charged and the air-water interface is slightly negatively charged as well. [32] [33] [34] The decay length determined in the linear region of the inset logarithmic plot was 102 nm, which agreed with the expected value of the Debye screening length (k À1 ¼ 96 nm at an ionic strength of 10 À5 M for pure water). When the probe was moved further toward the bubble, the force increased linearly while remaining within the so-called constant compliance region. On solid surfaces, the separation between the silica probe and the substrate does not change in the constant compliance region and the increase of force is due to the consistent bending of the cantilever after contacting the solid surface. On the bubble surface we can assume that the separation between the probe and the bubble surface in the constant compliance region does not change either because a stable water film is formed between the silica probe and air. 26 Thus DX represents only the deformation of the bubble in the constant compliance region (eqn (4)). The deviation of force direction from the vertical observed on rigid surfaces is due to the deformation of the bubble from its equilibrium shape. The slope of force versus DX at negative DX region (F/DX) could be used as another measure of the bubble stiffness since
The bubble stiffness of a 800 mm diameter bubble in water calculated from eqn (6) or eqn (7) is typically k b ¼ 76 mN m À1 which is only two times larger than the spring constant of cantilevers used in the force measurements. Therefore, considering bubble deformation is necessary when measuring forces against bubbles with such soft cantilevers.
Colloidal nanoparticle suspensions in the absence of surfactants
The normalized force versus DX curves for a silica probe interacting with a bubble surface in TMA nanoparticle suspension at varying particle concentrations is shown in Fig. 3 . When the distance was larger than 200 nm, no force could be detected. The oscillatory force, or structural force of nanoparticles, grew more intense during the approach and resulted from the mutual repulsion between the nanoparticles and the layer-by-layer expulsion of the nanoparticles.
The oscillatory wavelengths, which represent the distances between two adjacent nanoparticle layers, decreased with increasing nanoparticle concentrations. This parameter was defined as the distance between successive force maxima or minima. At the same time, the oscillations increased in amplitude at the higher concentrations because the nanoparticles were forced closer to each other, resulting in stronger electrostatic repulsion.
Following the oscillatory force, an attractive depletion force was observed due to the exclusion of all particles from the confined gap between the silica probe and bubble. Additionally, Fig. 2 Normalized force (F/R) versus DX curves of a silica microsphere and an air bubble in water. 'A' presents the constant compliance region where the loading force is linearly increased; 'B' presents the surface force region between the silica microsphere and the bubble; 'C' presents the region where no surface force is detected. The monotonical decay region is fitted with a decay length of 102 nm in the inset graph with double logarithmic scale. at small separations, an electrostatic repulsive force between confining surfaces appeared, which decayed to zero at larger separation as the nanoparticle concentration decreased.
In the presence of non-ionic surfactants
b-C 12 G 2 is a non-ionic surfactant which adsorbs at the air-water interface resulting in a decrease in the surface tension. The adsorption of b-C 12 G 2 to negatively charged silica has been shown to be weak. 35, 36 The deformation of the bubble at the same nanoparticle concentration with varying b-C 12 G 2 concentration is illustrated in Fig. 4a , respectively. The decrease in the bubble stiffness, or increase in deformability was caused by the decrease of interfacial tension and can be understood by means of eqn (8) .
The force profiles as shown in Fig. 4b were fitted with eqn (9) in order to obtain the quantitative values of oscillatory wavelength and amplitude. The oscillatory wavelengths showed no change after adding different amounts of b-C 12 G 2 surfactant into the nanoparticle suspensions. A decrease in oscillatory amplitude with increasing b-C 12 G 2 surfactant concentration was observed due to the reduced surface stiffness and surface charge. (Detailed discussions see section 4.2.) The pure air-liquid interface is assumed to be negatively charged 34 and the b-C 12 G 2 molecules partially replace the negative charges. A decrease in surface charge leads to a reduction of the oscillatory amplitude as previously shown by us, 17 in which it is also shown that a modification of the charge, or potential of the confining surfaces has no effect on the oscillatory wavelength.
The force profiles of at 5 Â 10 À5 M b-C 12 G 2 at different nanoparticle concentrations are shown in Fig. 5 . The oscillatory amplitude increased with nanoparticle concentration while the oscillatory wavelength decreased since the nanoparticles were closer at higher concentrations. This behavior was the same as in the absence of added surfactant.
In the presence of anionic surfactants
Sodium dodecyl sulfate is an anionic surfactant which only adsorbs at the air-water interface. A stable film of nanoparticles was formed between the silica probe and the bubble in this case as well, and the repulsive force at the constant compliance region was also observed and attributable to the electrostatic double layer force. The bubble stiffness slightly increased to 80 mN m À1 although the interfacial tension did not show measurable change at this concentration of SDS in comparison to that of pure water (Fig. 6 ). This can be explained according to eqn (8) which expresses the effect of the decrease of Debye length on the increase of the bubble stiffness. Charged SDS brings extra dissociated ions into the suspension, thus leading to a decrease of the Debye length. An increase of the oscillatory amplitude in the nanoparticle force profile was observed for two reasons. In addition to the slightly increased surface stiffness, it was also likely that it is due to dodecyl sulfate ions adsorbing at the airwater interface and the increase of the interfacial effective charge.
17 Hence, we would expect an increase in the electrostatic double layer force with increasing SDS concentration up to the critical micelle concentration (cmc). 37 The oscillatory wavelengths obtained after quantitative fitting were found to remain the same compared to the previous cases without surfactants and with b-C 12 G 2 .
In the presence of cationic surfactants
Unlike SDS and b-C 12 G 2 , hexadecyltrimethylammonium bromide is a cationic surfactant which not only strongly adsorbs at air-water interfaces, but also at silica microsphere and nanoparticle surfaces, due to interaction of opposite charges on the silica surface and the cationic surfactant head group.
The contact angle measurements of C 16 TAB on a silica wafer shown in Fig. 7 displayed an increase of contact angle to a maximum at around 0.05 mM followed by a decrease again with further increase of C 16 TAB, which indicated that a monolayer of C 16 TA + was formed on the silica wafer at a concentration of 0.05 mM. 38 While at this concentration, the adsorption of C 16 TAB on the bubble surface was very low and only led to a reduction in surface tension of approximately 1.5%.
Based on the contact angle measurement, we expected to measure attractive forces due to adsorption of C 16 TA + on the silica probe. A snap into the bubble often occurred in C 16 TAB solution during manual approach, which increased the difficulty of measurement. An example is shown in Fig. 8 when the full piezo range was used in the experiment. A jump-to contact appeared during the approach and a large adhesion force existed during retraction and no jump-off from the contact was observed. The jump-to contact and the adhesion took place due to the hydrophobic attractive force between the C 16 TA + adsorbed silica probe and the bubble. However, once nanoparticles were added, the long-range oscillatory force induced a repulsive structural barrier which helped to overwhelm the hydrophobic attraction by forming layers between the silica probe and the bubble. Thus the AFM force curves in such concentrations of C 16 TAB containing silica nanoparticles could be recorded. 9a shows that an oscillatory force began to be detected at around 200 nm and was present until a separation of 30 nm and then a repulsive force in the constant compliance region was detected at smaller DX. When the probe was retracted from the bubble, an adhesion force appeared instead of the oscillatory force between nanoparticles. The reason for the different behaviors on approach and retraction might be due to the different surfactant structure at air-liquid interfaces. During the approach of the probe to the bubble, the monolayer of C 16 TA + adsorbed on the silica microsphere surface underwent desorption because of the increasing surface force between the probe and the bubble. Thus the surface of the silica probe behaved as a nonadsorbed hydrophilic surface and a stable film of nanoparticles existed in between. When retracting the two surfaces, C 16 TA + began to adsorb on the probe surface due to the reduction of the surface force, thus the attractive force appeared between two hydrophobic surfaces. The advancing contact angle could be calculated from
where D is the jumping off distance.
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The advancing contact angle varied greatly in each force measurement with a maximum of 35 observed, which was smaller than the contact angle measured on the planar silica wafer in the equilibrium state. This phenomenon was probably due to the unstable organization process of cationic surfactant adsorbed to the silica when the surfactant concentration was below the cmc. The slow adsorption of cationic surfactant was reported by Parker et al. 40 and Fleming et al., 41 who found that the build-up of the CTAB layer on a silica surface became more rigid with time. Fig. 9b shows the oscillatory forces in the presence and absence of C 16 TAB. The oscillatory wavelengths in both cases remained constant. This further indicates that the layering distance of nanoparticles in the confinement is particle number density determined, even though the surface charge of the nanoparticles was reduced after the adsorption of oppositely charged surfactants. The force slope at negative DX was lower than in the corresponding case in the absence of surfactant, meaning that the deformability of the bubble increased after adding 5 Â 10 À5 M of C 16 TAB, even though the interfacial tension at this concentration was just slightly smaller than that of water. The bubble stiffness was 59 mN m
À1
, which was attributed to the change in the contact angle as described in eqn (8) .
In comparison to the absence of surfactant, a reduction of force amplitude was observed. The reasons were most likely the decreased surface stiffness, and the reduced surface charge both on bubble surface and nanoparticle surfaces.
Discussion
The effect of surface tension on the deformability of the airliquid interface
In contrast to the deformation of elastic and viscoelastic materials which is controlled by the bulk materials properties, the deformation of bubbles (air-liquid interface) is controlled by the surface tension and the pressure across the interface. The deformation, or elasticity, of the air-liquid interface is typically measured by the oscillating bubble/droplet method. Here, AFM force measurement provides a direct way to determine the deformation of the bubble by assuming that it behaves as a Hookean spring under the force applied by the AFM probe. Although some theoretical papers doubt the validity of this assumption,
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Attard et al. 28 and Chan et al. 44 concluded that a Hookean force law is valid for weak forces (F/2pR ( g). The existence of the constant compliance region with a linear slope in the force curves is evidence of linear elasticity for the fluid interface.
The deformability can be expressed as the bubble stiffness by eqn (6), or directly from the slope of force curves in the negative DX region with eqn (7) . The values of the bubble stiffness, surface tension, oscillatory wavelength, and the oscillatory amplitude at varying Ludox TMA and surfactant concentrations are summarized in Table 1 . The increase in the Ludox concentration did not cause significant change in the surface stiffness of the bubble. This was due to the negligible change in the air-liquid interfacial tension with an increase in the particle concentration, although the Debye length of the aqueous solution did decrease. Thus we can assume the effect of the Debye length on the surface stiffness of the bubble is relatively small.
At a given Ludox concentration (9 wt%), the plot of the experimental bubble stiffness versus surface tension is shown in Fig. 10a . The square points were obtained from the system with b-C 12 G 2 . The increase of b-C 12 G 2 concentration led to the linear decrease of the surface tension. The circle point (SDS) lies along the linear fit because the surface stiffness was not significantly influenced by the decrease of Debye length after adding charged surfactants into this solution. On the other hand, the data for C 16 TAB (triangle point) deviated from the linear fit because of the increase of the contact angle after the adsorption of C 16 TAB on the probe surface.
Thus the linear dependency of the bubble stiffness on the airliquid interfacial tension is valid if the following conditions remain constant: probe radius, bubble radius, Debye length, and the contact angle. This is consistent with the theoretical expression in eqn (8) . Also from eqn (8) , one should expect that surface tension and the contact angle play a more important role than bubble size and Debye length, which explains why the decrease in Debye length introduced by the increase of nanoparticle concentration has a negligible effect on the surface stiffness. In addition, the contact angle is strongly associated with the airliquid interfacial tension, which further supports that the deformation of fluid interfaces is surface tension controlled.
The effect of surface deformability on the structuring of nanoparticles
At constant nanoparticle concentration (9 wt%), the oscillatory force amplitude exhibited an increase with the bubble surface stiffness. (Fig. 10b) In the present study, the change of the surface deformability was always associated with the change of the surface charge. Studying the system with non-ionic surfactant b-C 12 G 2 , we were unable to analyze both factors in force amplitude independently, because surface charge and surface stiffness both decreased with increasing surfactant concentration. The reduced surface stiffness and surface charge mutually caused the reduction of force amplitude. Studying anionic surfactant SDS was expected to hopefully shed some light on the two parameters since the increase of surfactant concentration led to an increase of the surface charge. However, a slight increase of the surface stiffness was observed as well, which had the same effect on the change of the force amplitude as surface charge did. Thus the separation of these two causes was also difficult. In the case of cationic surfactant C 16 TAB, an additional complication Fig. 10 The relationship of the bubble stiffness with the surface tension (a) and with the corresponding oscillatory amplitude (b) and oscillatory wavelength (c) at 9 wt% TMA colloidal nanoparticle suspensions.
was introduced resulting from the interaction between the surfactant and the oppositely charged nanoparticle surface. Therefore, the force amplitude could be considered as the joint consequence of the electrostatic and rigidity effects. At constant nanoparticle concentration (9 wt%), the oscillatory wavelength, representing the layering distance of nanoparticles, showed no dependency on the bubble stiffness or surface deformability. (Fig. 10c) With regard to the case of cationic surfactant, the oscillatory wavelength did not show any difference even though the surface charge of nanoparticles was additionally reduced.
The log-log dependence of AFM oscillatory wavelengths versus nanoparticle concentrations is summarized in Fig. 11 . Wavelengths obtained from measurements of AFM probe of the deformable air-liquid interface in the presence and absence of b-C 12 G 2 surfactants were compared to that of a solid silica wafer. For all cases, the oscillatory wavelength scaled with the nanoparticle concentration as an exponent of À0.33, which agreed very well with the purely space-filling value of À1/3. This indicated that nanoparticles under such confinement formed a layering pattern where the interparticle distances scaled to 1/3 of the total volume of nanoparticles. These results were in good agreement with recent experimental and theoretical results by Klapp et al. 16 and Fazelabdolabadi et al., 19 which were based on non-deformable silica surfaces. The experimental findings indicate that the deformability of the confining surfaces does not change the layering packing pattern of particles in between. The particle distance remains the same and solely depends on the particle concentration, or particle number density regardless of the confinement type. The strength of ordering, however, decreases with increasing surface deformability associated with change of the surface charge.
The difference in wavelengths between the system with the deformable bubble surface and corresponding system with a solid surface was only approximately 1%. This supports the reliability of using force versus DX curves in determining the particle layering distance, even though the deformation of the bubble surface contributes at smaller distances.
Conclusions
AFM provided a direct way to study the structuring of silica nanoparticles confined between a deformable air-water interface and a rigid solid surface. The air-water interface deformability increased with decreasing surface tension and could be observed directly from the change of force slope at the constant compliance region of force profiles.
The layering distance and the force strength between nanoparticles could be obtained from the wavelength and the amplitude of the oscillatory force, respectively. It was found that the oscillatory wavelength was not affected by the surface deformability (associated with surface charge) and was the same as between two solid surfaces, while the force amplitude decreased with increasing surface deformability associated with surface charge. It is worth mentioning that, for cationic surfactant (C 16 TAB), a different behavior was displayed on the retraction part of the force curve, in which a pronounced adhesion force appeared. Different surfactant structures were assumed to exist in the approaching and retracting processes. Thus a stable thin film of colloidal nanoparticles was assumed to be formed between the silica microsphere and the bubble when electrostatic repulsion existed.
The fact that the surface properties (surface deformability, surface charge) had no effect on the oscillatory wavelength further proved that the layering distance depended solely on the particle concentration. In contrast to this, the ordering strength was found to depend on the surface properties as well, thus it was affected not only by nanoparticle concentration, but also by the surface deformability and surface charge after adding extra surfactants. Fig. 11 The log-log plot of oscillatory wavelengths versus Ludox TMA concentrations against the air-liquid interface without surfactant, with 5 Â 10 À5 M of b-C 12 G 2 , with 10 À4 M of b-C 12 G 2 , and against a solid silica wafer. Values of oscillatory wavelengths on solid silica wafer were determined from published force curves. 16 
